In this paper we wish to introduce the FABULOUS European Project, started on the 1 st of October 2012, that proposes a new FDMA-PON architecture adopting Faraday rotation and a R-ONU based on a reflective modulator instead of the conventional reflective SOA, designed on purpose and to be realized in silicon photonics, in order to cope with the target performances set by FSAN and the need of realizing low cost devices for the final user.
INTRODUCTION
The European Project FABULOUS (FDMA Access By Using Low-cost Optical network Units in Silicon photonics) was conceived in order to develop new components in Silicon Photonics for application in nextgeneration passive optical networks, and in particular in a WDM/FDMA PON architectures based on reflective ONU. The main objective in FABULOUS is demonstrating a cost-and energy-effective PON architecture starting for example from the requirements set by a group of relevant operators for Next-Generation PON (NG-PON2) by addressing both the component level (through a potentially very low cost Silicon Photonic ONU) and the system level (through a network architecture that allows each ONU to handle only its dedicated data traffic, and not the full aggregated bit rate, as in other NG-PON2 proposals), and based on these to deliver an even more future-proof architecture. The technical "whish list" that has generated the FABULOUS requirements can then be summarized as follows, coherently with what in FSAN is being standardized as NG-PON2:
• An aggregate capacity of more than 40Gbps per feeder (i.e. optical fiber coming out of the Central Office (CO).
• A 'sustained' (i.e. close to average) data rate of 1Gbps per user in the downstream direction, i.e. from the Optical Line terminal (OLT) at the CO to the Optical Network Units (ONU) placed at the user site.
• A data rate in the 500Mbps to 1Gbps range per user in the upstream direction (user to CO).
• From 64 to 1000 users per feeder.
• At least 20km passive reach (without reach extenders).
• Possibility to extend the reach beyond 60km with an active reach extender (e.g. amplifier or repeater).
• Compatibility with legacy infrastructure preferred (by legacy infrastructure, it is meant the GPON infrastructure installed today, which in most countries corresponds to a PON tree serving 64 users with an optical budget ranging from 13 dB to 28 dB, the last one being widely adopted and referred to as Class B+ power budget). For many different reasons, the FABULOUS project is proposing a revolutionary change in components and physical layer technologies compared to today's XG-PON and 10G-EPON solutions, and also overcoming the requirements set for NG-PON2. To achieve such ambitious targets, the FABULOUS project technical "pillars" are: 1. A system-oriented research focused around an innovative architecture based on FDMA-PON and a revolutionary reflective ONUs; 2. A photonic component activity focused on a very advanced Silicon Photonic platform for the design, development, characterization, optimization and full integration of the reflective ONU. In the following, only the architectural aspects will be addressed.
THE PROPOSED PON ARCHITECTURE
Despite the fact that the main technological advancements due to FABULOUS will be new highly integrated components in silicon photonics, the overall innovation arises from the proposed network architecture, that is based on:
-A first level of multiplexing on a single optical wavelength by using Frequency Division Multiplexing (FDM), and in particular FDM in the downstream and FDMA in the upstream. It will be indicated as "FDMA-PON" in the following. o This allows the ONUs to operate at low DSP speeds (and so reduce their cost and power consumption): the speed at which the ONUs operates is equal to the maximum speed that the customers are allowed to communicate at (e.g. 1Gbps) which is much smaller than the aggregated line rate (e.g. 20Gbps) o This also creates a path towards an all-optical local loop (and complete copper local loop removal) by enabling a very low cost/very low power/low data rate communications for basic customers and/or machine to machine communications. -A higher level of multiplexing above FDM/FDMA using wavelength division multiplexing (WDM).
-Complete compatibility with currently deployed PON fiber plants, thus avoiding any active element or WDM filter in the optical distribution network. -A revolutionary reflective ONU (R-ONU) concept that goes beyond the R-SOA scheme and does not require fixed or tunable laser sources at the customer side, while exhibiting modulation format flexibility, polarization insensitivity and an innovative Faraday rotation effect that helps to greatly simplify the Central Office (OLT) hardware infrastructure. The R-ONU will be designed, manufactured, tested and demonstrated at all levels from the component level up to a full system demonstrator in a realistic PON experiment. The R-ONU transceiver will be built by integrating several photonic and electronic functions onto a single Silicon Photonics chip. -Self-coherent receiver at the OLT side, allowing much higher performance than direct detection receivers, thus solving the problem of reflective ONU architectures that usually have a very limited power budget available in the upstream path due to transmission impairments. Thanks to the implementation of an innovative Faraday rotation mechanism at the ONU, the self-coherent receiver of the OLT can be realized with a simplified configuration, avoiding the usual complicated and expensive polarization diversity schemes that imply duplication of high-cost resources such as optical hybrids and high end Digital Signal Processing Units.
In Fig. 1 it is shown the global view and the proposed wavelength allocation. Basically, we propose to use the WDM degree of freedom in both directions (using 8 to 16 wavelengths, possibly on a 200GHz grid to simplify and reduce the cost of the filters). The OLT generates both the modulated downstream wavelengths and the un-modulated upstream wavelengths that are then modulated by the reflective ONU for upstream transmission. Each wavelength (in the downstream direction) is destined to multiple ONUs, and carries the required data traffic by a Frequency Division Multiplexing approach using electrical subcarriers. In Fig. 2 it is shown the signal flow inside the R-ONU, while Fig. 3 shows its possible implementation. The wavelength to be used in the upstream by the R-ONU is selected by WDM filter and modulated with a single frequency carrier containing the upstream data of the considered user. The wavelength is then reflected back towards the Central Office with Faraday rotation, i.e. a 90° rotation on the incoming polarization on the Poincarè sphere. The Faraday rotation effect is a natural consequence of the structure of the modulator and hence is obtained regardless of the incoming polarization (no polarization controllers needed). This approach, implemented as in Fig 3, has already been demonstrated in the and has two distinctive advantages: − From a system level point of view, it sends back the signal on the orthogonal polarization allowing self-coherent reception at the ONU without polarization diversity nor polarization control. Moreover, it can be demonstrated that, with this setup, the system impact of the spurious reflections (one of the key drawbacks of reflective PON) is greatly reduced. Moreover, the proposed R-ONU allows for suppressed optical carrier modulation, a key feature for FDMA access in the upstream, to avoid optical beat interference at the OLT side among all the received upstream signals. Fig. 4 shows the details of the OLT: the upstream reception is particularly relevant. We will demonstrate selfcoherent and single-polarization (thank to the previously mentioned Faraday effect at the R-ONU) reception. Coherent detection will greatly improve the available power budget compared to more common direct detection. The additional cost is acceptable in this case as it is located at the OLT and hence shared by all the customers of the PON. Moreover, it should be noted that, compared to a more traditional polarizationdiversity coherent receiver, our approach allows significant simplifications. 
Downstream
Polarization handling is one of the main aspects of the ONU, that drives the design of the components and allows to obtain certain performances and a consistent cost reduction. As can be seen in figure 5 , the CW seed signal generated by the OLT enters the ONU reflective modulator in a completely arbitrary polarization, due to random fiber birefringence, and is then separated in two orthogonal polarizations by the Polarizing Beam Splitter (PBS). The resulting two optical signals travels into the devices into counter propagating directions, and are both modulated by a Mach-Zehender amplitude modulations by exactly the same electrical signal. Thanks to this approach, a reflective modulator with polarization independence is obtained, even though a polarizationdependent Mach-Zehender is used. Moreover, it can be demonstrated that this reflective modulator architecture rotates the polarization by 90 degrees, thus implementing a so-called Faraday rotation. As a simple example, please notice that if the input optical signal happens to be on SOP x , it will travel the device only clock-wise, and it will get out of the device on the ŷ polarization after modulation. Viceversa, an input on ŷ will exit on x .
It is of paramount importance to point-out that the polarization orghogonality introduced by the Faraday rotation, due to to the single-mode passive optical device properties, is maintained in ANY point of the fiber, so that in particular the signal entering the OLT in the upstream will be always orthogonal to the seed signal, regardless of the birefringence of the system. As show in the following Fig. 6 , the OLT coherent receiver will need only to work on a single polarization, thus being greatly simplified.
Digital Signal Processing (DSP) Fig. 6 : structure of the optical front end for a dual-polarization coherent receivers, and indication of the components that can be avoided when moving to a single-polarization receiver
PROJECT ORGANIZATION
In the previous paragraph we have explained only the architectural aspects of the Fabulous project, however also silicon photonics components project and realization will be part of the activity, deserving a paper on its own. The achievement of such ambitious results requires a careful planning activity and a robust consortium. The acvitivies will be carried out by: − Two universities (Politecnico di Torino and University of Pavia) − Three applied research institutions (Istituto Superiore Mario Boella, CEA-LETI and Tyndall National Institute) − An incumbent telecom operator (France Telecom) − An industrial research laboratory (III-V) − A major semiconductor company (STMicroelectronics) assuring that all aspects, from initial specifications to devices realization, will be covered by the consortium. The project is then organized in 5 workpackages, whose most important ones are:
